Integration of mean yield and stability evaluation into a single analysis is practical for maize hybrids recommendation and approval in multi-environment trials. The objective of this study was (i) to investigate grain yield performance and stability of 21 experimental maize hybrids via the use of the Kang's yield-stability statistics (YSi) and via the sites regression biplot (GGL) from multi-location trial conducted in Serbia; and (ii) to determine if hybrids yield stability was influenced by the linear effect of an environmental index. Hybrid main effect was highly significant and captured 9% of total sum of squares. Hybrid × location interaction was highly significant and accounted for 8.1% of the total sum of squares. Heterogeneity caused by environmental index was statistically non-significant. The same genotypes were recognized as stable by YSi and GGL biplot, but we recommend the sites regression biplot as more informative and precise tool for simultaneous hybrids mean performance and stability estimation.
Introduction
The phenomenon of genotype × environment interaction (GEI) is characteristic of multi-environment trials (MET) and represents permanent interest for breeders and biometricians along with practical and theoretical aspects (Kempton & Fox 1997) . Genotype stability estimation and GEI are specifically interrelated. While it would be nearly impossible to package into one cultivar all highyield genes and genes conditioning all possible stresses that might be encountered from location to location and year to year, identification of cultivars that are both high yielding and stable in performance across multiple environments (locations or years or locations-years combination), or that have specific adaptation, is an appropriate strategy (Kang et al. 2005) . Grain yield is a quantitative trait and routinely exhibits GEI, and as it represents agronomically and economically most important trait in maize, different genotypes should be evaluated across multiple environments in the advanced stages of selection (Annicchiarico 2002) .
The effects of genotypes and environments are statistically non-additive, which means that Ratar. Povrt. 51:3 (2014) [154] [155] [156] [157] [158] [159] [160] differences between genotypes depend on the environment or in other words differences between environments are not the same for different genotypes (Comstock & Moll 1963) . GEI indicates importance of environments and their variable factors on adaptability and stability and is favourable phenomenon only if it is correlated with above-average yield (Yan & Hunt 2003) . The environmental index is believed to represent a majority of the differences among locations, which includes differentials in fertility, cultural practices, insect or disease incidence, humidity, insolation, etc. (Haynes et al. 1995) . The differences could relate to the growing season and/or to the period just before the growing season. Information on individual environmental covariates, including environmental index is needed to understand the nature and causes of genotype × environment interaction as well as to exploit it (Kang et al. 2005) .
The estimation of performance and stability becomes important to identify consistentperforming and high-yielding genotypes. Various concepts of stability are described (Becker & Leon 1988) . In varying environments, genotypes that provide high average yields with minimum GEI have been gaining importance over increased yields (Gauch & Zobel 1997) .
The sites regression model (SREG) (Crossa & Cornelius 1997) expresses the empirical mean of the ith genotype in the jth environment, as a sum of linear (additive) components (i.e. main effects of locations), a sum of bilinear (multiplicative) components combining the effects of genotypes (G) and genotype × environment (GE), and a residual error. Yan et al. (2000) referred to biplots based on singular value decomposition (SVD) of environment-cantered or within-environment standardized GE data as "GGE biplot" and this term emphasizes that the understanding of both G and GE is relevant to genotype evaluation and must be considered simultaneously for appropriate genotype and test environment evaluation.
The yield-stability statistic (YSi) proposed by Kang (1993) represents modified rank-sum method (KRM) (Kang 1991) but is less likely to commit Type II errors (choosing a genotype for cultivation when it is unstable in its performance) relative to selection for both yield and stability. Stability component in YSi is based on Shukla's (1972) stability-variance statistic ( ), which provides the contribution of a genotype to the total GE interaction, attributable to all genotypes in the test (Kang 1993) . The YSi was first applied in maize (Magari & Kang 1993 ) and soybean trials (Pazdernik et al. 1997) . Madry (2003) used YSi in a series of yield trials of spring wheat and oat to investigate it possible use as a sufficient selection index for selecting generally adapted genotypes. Investigation of yield stability of coolseason pasture grasses by YSi was conducted by Waldron et al. (2002) ; of rice (Oryza sativa L.) cultivars by Gravois & Bernhardt (2000) ; of potato (Solanum tuberosum L.) seed families by Upadhya & Cabello (2000a,b) ; of common bean (Phaseolus vulgaris L.) genotypes by Mekbib (2003) .
The objective of this study was to (i) investigate grain yield performance and stability of experimental maize hybrids via the use of the Kang's YSi statistic and via the SREG biplot analysis from MET conducted in Serbia; and (ii) determine if hybrids stability was influenced by the linear effect of environmental index. The experimental design was a randomized complete block design with four replications and elementary plot size was 10 m 2 . Standard cultural and agronomic practices generally used were applied at all locations. Nitrogen, phosphorus, and potassium, were added according to fertilizer recommendations for each location. Density of tested hybrids was 57.142 plants ha -1 . Grain yield evaluation was performed by measurement of ears mass for each elementary plot using average sample from each replication and grain yield with 14% moisture ha -1 was calculated.
Material and Methods

Genetic
Additional information on climatic variables during vegetation period from April 15 to October 15 was provided by the Republic Hydrometeorological Service of Serbia. Maximum temperature, minimum temperature, mean temperature, precipitation, relative humidity and insolation duration average values for test locations are given (Table 2) .
For the data analysis a two-way fixed effect ANOVA was used based on randomized complete block design (RCBD) and the model is as follows: (1) where is the grain yield response of ith hybrid in jth location for kth block;
is the grand mean, is the effect of the ith hybrid, is the effect of the jth location, is the interaction effect of the ith hybrid with jth location and is the error term associated with response variable. All effects in model were considered as fixed.
In order to evaluate hybrids for their performance and stability both hybrid (G) and hybrid by location interaction (GL) effects must be considered simultaneously, and we used the sites regression (SREG) model (Crossa & Cornelius 1997) to obtain GGL biplots. Data analysis was done within an R computing environment (R Development Core Team 2010). The average-site coordination (ASC) view of the GGL biplot was used to estimate mean performance and stability of tested hybrids. The GGL biplot for this purpose originated using genotypemetric preserving singular value procedure (SVP =1) and is, therefore, more appropriate for hybrids evaluation.
A yield-stability statistic (YSi) developed for simultaneous selection of yield and stability was calculated according to Kang (1993) . Location means of hybrids were subjected to stability analysis using Kang & Magari's (1995) program 'STABLE' to obtain estimates of YSi (Kang 1993) and (Shukla 1972 ). The STABLE program also provided a partition of the total G×L interaction into heterogeneity (nonadditivity or the linear effect of environmental index
, where is mean of all hybrids in the location j and is mean of all hybrids across all locations) and residual G × L interaction.
Results and Discussion
In consideration to the fact that the most stable genotype(s) may not be the highest yielding, the use of methods that integrate yield performance and stability to select superior genotypes becomes more important and advantageous, especially when target environment encompasses great range of environmental conditions (Kang & Magari 1995) . If high yielding maize hybrids with stable performance across environments are identified, the need for regional breeding strategy in order to exploit the positive GE interaction, would be reduced and lead to the preservation of breeders resources (Ceccarelli et al. 1994) . In this study integration of mean yield performance and stability of experimental maize hybrids is achieved by SREG biplot methodology and Kang's yield-stability statistic YSi.
ANOVA analysis showed highly significant (P < 0.01) location effect that accounted for 82.9%, of the total sum of squares for grain yield variation in the set of tested locations, ( Table 2 ). The variance due to location effect is regarded as irrelevant for genotype evaluation in MET and is removed from the observed phenotypic data in order to focus on genotype (G) and genotype × environment (GE) effects, which are relevant for genotype evaluation (Yan & Kang 2003) . Both YSi and GGE methodology are based on the G + GE (Setimela et al. 2007 ). Hybrid (G) and hybrid × location (GL) captured 9% and 8.1% (Table 2) Table 2 . ANOVA for yield data obtained from maize multi-location trial conducted in Serbia ** P < 0.01; † tested with respective mean square error term
The partitioning of GL interaction into heterogeneity caused by environmental index and residual GL interaction revealed that the linear effect of EI accounted for 1.7%, (Table 2) but it was statistically non-significant. Residual G × L obtained after heterogeneity caused by EI is removed was highly significant (P < 0.01) and accounted for 6.4% of the total sum of squares (Table 2 ). The use of covariates, which can be any environmental factor such as humidity, precipitation, temperature, or environmental index, allows researchers to investigate possible causes of GEI (Magari & Kang 1993) . In our study the partitioning of GL interaction into heterogeneity caused by EI and residual GL interaction revealed that the linear effect of EI was statistically nonsignificant. Obtained results suggested that the cause of these interactions must be factors other than those captured by the linear effect of the environmental index. This is in accordance with Zorić M et al.
the results of Fan et al. (2007) who conducted maize MET trials in China and also observed no significant heterogeneity caused by environmental index. Kang & Gorman (1989) found heterogeneity caused by environmental index to be significant for the maize MET in a Louisiana, but individual weather factors (e.g., rainfall, humidity, temperature) did not cause significant heterogeneity. Magari & Kang (1993) estimated contribution of environmental index, minimum temperature, maximum temperature, preseason rainfall, rainfall during the growing season, and relative humidity to GEI by determining heterogeneity attributable to each of these covariates. They found that in five of eight trials, heterogeneity due to environmental index was significant. Heterogeneity due to the other environmental factors was not significant in any trial. When heterogeneity is significant statistically, it means that the linear effect of EI influenced stability of cultivars. In such cases, genotypes-wise comparisons of (Shukla 1972) , stability-variance statistic derived from the total genotype × location (GL) interaction, and Si 2 (Kang & Miller 1984) , stability-variance statistic derived from residual GL after removal of heterogeneity, caused by EI or by another covariate from total GL, is desirable (Kang et al. 2005) .
The average-site coordination view of the site regression biplot was used to estimate mean performance and stability of tested hybrids. The ASC abscissa is the average location axis, and the projection of the hybrids markers onto this line represents the main effects of the hybrids (G) (Yan & Tinker 2006) . The ASC ordinate expresses the hybrids' contributions to GL effect, and thus is convenient for estimation of hybrids stability of performance (Yan & Tinker 2006) . According to Yan et al. (2001) ideal genotypes should have large projections of their markers towards the ASC abscissa to show high performance and small, preferably zero projection onto the ASC ordinate to show high stability of performance. Plant breeders and agronomists have found SREG biplot analysis to be useful for genotype evaluation (Butron et al. 2004 , Malvar et al. 2005 , Preciado-Ortiz et al. 2006 , Fan et al. 2007 .
GGL biplot explained 77.8% of the total G+GL variation for the set of all tested locations (Fig. 1) . The length of the average-location vector was sufficient to select hybrids based on mean yield performance. Hybrids with above-average mean yield performance were G14, G5, G12, G3, G17, G8, G2, G18, G11, G1, G9 and G13, whereas hybrids with below-average mean yield were: G4, G6, G15, G10, G20, G16, G19, G7, G21. Hybrid G13 was with the highest mean yield performance and also the most stable hybrid. Hybrids G9, G2, G17 and G3 also showed good above-average mean yield performance and good stability. Hybrids with below-average mean yield performance showed greater instability in comparison to the hybrids with aboveaverage mean yield performance for the set of all tested locations. The least stable hybrid of all tested was G6 which also showed second worst mean yield performance.
Ratar. Povrt. 51:3 (2014) 154-160 Figure 1 . The average-environment coordination (AEC) view to show the mean performance and stability of hybrids. The details for test locations and hybrids are given in Tables 1 and 2. 2 i  According to Kang's analysis, a genotype with YSi statistics more than mean YSi and non-significant stability variance (Shukla 1972 ) is ideal for selecting genotypes for both high yield and stability. The mean YSi value was 4.71 and 12 hybrids with YSi > 4.71 had potential for further testing (Table 3) . The mean grain yield of these hybrids was 14.02 t ha -1 , which is statistically equal to the mean yield (13.98 t ha -1 ) of the 13 hybrids that could be selected on the basis of their grain yields alone (grain yield of hybrid > mean trial yield) (Table 3 ). Of the 21 tested hybrids G3 and G17 showed non-significant stability variance ( ) and YSi values higher than the mean YSi (Table 3) . The mean grain yield of these two hybrids was 13.61 t ha -1 . On this basis, only two hybrids with good stability and high grain yields can be recommended. Bertoia et al. (2002) identified maize inbred lines with improved ear and stover yield and quality of silage using YSi. The integration of yield and stability using YSi statistics helps to identify genotypes that perform well for both grain yield and stability, and also reduces the probability of committing Type II errors. A consequence of committing a Type I error would be that growers could miss using a stable genotype, but the consequence of committing a Type II error could be disastrous for growers as they might grow an unstable genotype and suffer economically (Kang 1993) . It also helps to reduce the number of genotypes recommended for Advanced Trials and Official Variety Trials selected solely on mean grain yield, thus saving the total testing costs of METs. Kang (1993) showed that selecting for yield and stability will not automatically result in lower yield but if high yielding, unstable genotypes are used under poor environment conditions it can cause crop failures. Although YSi-based selection would continue to identify unstable genotypes, the number of unstable genotypes selected is usually fewer than that identified by selection based on yield alone and when significant interaction is present, selection process becomes more precise (Kang & Magari 1995) . Ratar. Povrt. 51:3 (2014) 154-160  a Adjustment to Y# (+ 1 for mean yield > overall mean yield (OMY), + 2 for mean yield > 1 LSD above OMY, + 3 for mean yield >2 LSD above OMY, -1 for mean yield < OMY, -2 for mean yield <1 LSD below OMY, -3 for mean yield <2 LSD below OMY); *** P < 0.01; ** P < 0.05; * P < 0.1; + Genotype selected on the basis of YSi
Out of 21 hybrids tested in the set of all tested locations, two hybrids showed non-significant stability variance ( ) and YSi values higher than the mean YSi (Table 3) . On this basis, only two hybrids with good stability and high grain yields can be recommended. If the decisions were based only on mean hybrids performance, then also the rest of 11 hybrids (grain yield of hybrid > mean trial yield) would have been recommended, leading to a Type II error or to a biological or static concept of stability (Becker & Leon 1988 ). This concept is not acceptable to most breeders and agronomists who would prefer an agronomic or dynamic concept of stability favouring the high yielding genotypes which has a potential to respond positively to agronomic inputs or better environmental conditions (Becker 1981 , Becker & Leon 1988 .
GGL biplot for the set of all tested locations also confirmed good stability and above-average mean yield performance ( Fig. 1 ) of these two selected hybrids, although also showed seven more hybrids with higher mean yield performance, and two of these seven hybrids were with better stability. Yan & Kang (2003) and Fan et al. (2007) reported a highly significant association between rankings of genotypes based on mean performance and stability in the SREG biplot and genotype ranking based on the YSi statistic.
Conclusions
The average-site coordination (ASC) view of the GGL biplot and Kang's yield stability statistic-YSi were confirmed in our study as appropriate tools to integration and estimation of maize hybrid's mean performance and stability. On the basis of the YSi statistic two hybrids with good stability and high grain yields can be recommended, and regarding GGL biplot two same hybrids and two more, not confirmed as stable by the YSi statistic.
Although both used models allows interpretation of agronomic or dynamic concept of stability, we recommend the sites regression biplot as more informative and precise tool for simultaneous hybrids mean performance and stability estimation.
